Background and aims -The rapid expansion of human activities in South Cameroon, particularly mining in mountainous areas, threatens this region's exceptional biodiversity. To comprehend the effects of landuse change on plant diversity and identify conservation priorities, we aim at providing a first comprehensive plant checklist of the Ngovayang Massif, focusing on the two richest plant families, Orchidaceae and Rubiaceae. Location -The Ngovayang Massif Area (NMA) is located in the South Region of Cameroon. It is covered by lowland and submontane rainforest (100 to 1110 m elevation). Methods -We compiled a dataset of 6116 georeferenced herbarium specimens, of which 2787 belong to Rubiaceae and Orchidaceae. We used rarefaction methods to explore sampling and diversity patterns, and investigated the altitudinal distribution of rare and/or threatened taxa. Key results -The NMA, which houses about 1500 vascular plant taxa, is the richest documented area for Rubiaceae in Atlantic Central Africa (ACA) and the fifth for Orchidaceae, with respectively 281 and 111 taxa. Among these taxa, 178 (45%) are endemic to ACA and 67 (17%) are considered globally threatened according to IUCN categories and criteria. We show that higher elevation areas (> 750 m), which are also the main areas targeted for mining, are the richest in endangered and/or rare species. Three new records for Cameroon are reported here. Conclusion -The NMA represents an Important Plant Area of Cameroon as confirmed by its exceptional plant diversity (> 20% of the total Flora of Cameroon), by the concentration of many threatened and/or restricted range species (10 taxa are strict endemics of the massif) as well as by the threat on rare habitats (i.e. the submontane vegetation above ~750 m elevation). A management plan involving in situ and ex situ conservation actions is urgently needed to reduce the potential threats of future mining activities.
INTRODUCTION
The flora of Cameroon is one of the richest of the African continent, with about 7000 species recorded to date (Onana 2011 , Sosef et al. 2017 ). Only 10.6% of the Cameroonian land is covered by protected areas (UNEP-WCMC 2018) , which is smaller than the global protected area coverage of 14.7% (Saura et al. 2017) . The knowledge of the distribution and conservation status of African plants is still patchy, and far below the target 2 of the Global Strategy for Plant Conservation which calls for a comprehensive list of the world's threatened plant species by 2020. Cameroon has been relatively well explored for plants compared to most other tropical African countries but prospecting efforts within the country have been very unequal (Onana 2011 , Sosef et al. 2017 , and the heterogeneous information on plant distribution limits effective conservation actions.
The Ngovayang Massif Area (NMA, c. 527 km²) is located in Atlantic Central Africa (ACA), which mainly corresponds to the Lower Guinea subregion of White, the floristically richest phytochorion of the Guineo-Congolian region (White 1979 , Droissart et al. 2018 . The NMA represents a relatively well botanically sampled place in the South Region of Cameroon: more than 6000 herbarium specimens have been collected in this area (compared to the ~90 000 specimens collected in Cameroon, Sosef et al. 2017 ). This sampling effort represents thus more than 5% of the total number of specimens collected in Cameroon, while the surface of the NMA only represents 0.1% of the country. However, information on the distribution of the flora within the NMA is relatively poor because a large part of the herbarium collections are not precisely georeferenced. In fact, about half of them come from the earliest botanical explorer of the area, the German botanist Georg August Zenker , who collected c. 3000 specimens at "Bipindi". Until now, the only estimation for total number of plant species occurring in the NMA, i.e. 450 vascular plant species, was given by Gonmadje et al. (2011) , unfortunately without indication of voucher specimens or sources used to generate this statistic.
The flora of the NMA was addressed in previous studies with more extensive geographic coverage, using a network of permanent sampling plots (1-hectare plot censused). A biogeographical study based on five 1-ha plots and 2673 censused trees with diameter above 10 cm at breast height (Gonmadje et al. 2012) showed that the lowland forests of NMA are dominated by Fabaceae-Caesalpinioideae (also known as Detarioideae), with a high proportion of Guineo-Congolian species (79%), and particularly Lower Guinean species (30%). An extended dataset (fifteen 1-ha plots) obtained by the same team (Gonmadje et al. 2017) has also proven that the decrease of above ground biomass of old-growth forests across an altitudinal gradient in the NMA can at least partially be explained by altitudinal filtering of large-tree species, highlighting the importance of elevational gradient in shaping flora composition.
Currently, the NMA does not have any legal conservation status, but is covered by three exploration permits (EP) with a total coverage of 2972 km 2 (electronic appendix 1): EP 144 covering the main part of the NMA, EP 195 located on N-NE part of NMA and EP 221 on SE part of NMA. The massif represents one of the largest iron deposits in Central Africa, and prospections have also shown a high percentage of gold in the lowland part, in the south eastern part of the NMA. Magnetite-gneiss ore has been identified as the primary source of iron ore in the NMA. During the prospective phase started near Melombo locality (EP 144) by the Australian exploration company "Legend Mining Limited", a report indicated the potential for a range of 300-500 Mt of magnetite ore, with a grade of 16-40% Fe (Wendt 2012) , which confirms the potential of the NMA to host a large tonnage of magnetite deposits that can be economically exploited. Unpublished reports and one publication (Mimba et al. 2014) underlined that the highest concentrations of gold (Au > 100 ppb) are located in lower elevation areas in the south-eastern part of the NMA, in the heavy mineral fraction of stream sediments. The Legend Mining company announced on 5 August 2014 the completion of the sale of its Ngovayang project to the Indian company "Jindal Steel and Power" for a total of $17.5M. In these conditions, it is clear that required impact studies have to be conducted by these mining companies, and be based on appropriate, published and widely accessible data. In this context, the use of the Important Plant Areas (IPA) criteria system can offer a rigorous scientific tool to highlight gaps in the current protected areas network, and to render offsetting mechanisms consistent with conservation outcomes (Saenz et al. 2013 , Darbyshire et al. 2017 .
The amount, quality and accessibility of floristic data concerning the vascular flora of the NMA have significantly increased during the last 15 years, as a result of both recent efforts to combine several big datasets (Dauby et al. 2016 , Sosef et al. 2017 and new botanical prospections relying on an accurate geographic positioning system. However, our knowledge about the spatial distribution of the flora and the conservation status of the species within the NMA remains sparse and has never previously been synthetized to date. The main objectives of the present contribution are thus: (1) to compile a database of all herbarium specimens collected in Ngovayang to date; (2) to produce a verified checklist of the two larger plant families present in the NMA, Rubiaceae and Orchidaceae; (3) to analyze sampling and diversity patterns of these two families in the NMA; (4) to identify threatened species within the NMA. Finally, based on our dataset, we also evaluate whether the NMA meets the criteria of Tropical Important Plant Areas according to Darbyshire et al. (2017) . Here, we choose to concentrate our analysis on the Rubiaceae and the Orchidaceae first because the two families are important component of tropical forest; together they represent about 15% of the Cameroonian vascular flora (Onana 2011) , and second because our team have extensively reviewed their taxonomy (e.g. Azandi et al. 2016 , Zemagho et al. 2017 ) and geographic distribution (e.g. Droissart et al. 2011 in Central Africa during the last 20 years.
MATERIAL AND METHODS

Herbarium records database
Based on recent fieldwork, i.e. the 15 field campaigns organized by our team between 2004 and 2017, and using the RAINBIO database (Dauby et al. 2016 Descourvières et al. (2013) . One taxon (Angraecopsis sp.) not identified to species level is not included in the checklist. or nearby the NMA. We took into consideration records that were explicitly mentioned as collected in NMA plus a radius of 3 km around the massif. We extracted 6116 georeferenced records using the shapefile of the Ngovayang area provided by the Interactive Forest Atlas of Cameroon (WRI 2012).
For this paper, we focus our effort on the two larger families, Orchidaceae and Rubiaceae (2787 specimens together), for which the authors have particular taxonomic expertise: all specimens with doubtful identification for these two families were physically checked and verified. The species number estimates for other plant families collected in the NMA are mainly derived from Dauby et al. (2016) . Hereafter, for simplicity, we will use the term 'species' even if they comprise infraspecific taxa (subspecies or varieties).
Sampling completeness and diversity analysis
Sampling intensity and species richness were calculated for Rubiaceae and Orchidaceae using a fixed grid cell size of 0.02° × 0.02° (about 5 km 2 ) which was a reasonable balance between precision and detail that can be achieved in the NMA. Rarefaction methods were used to calculate an expected number of species (S k ) per grid cell found in subsamples of fixed size (see Droissart et al. 2012 for calculation). For our comparison with raw species richness, we calculate S k for k = 20 (i.e. the grid cells where at least 20 herbarium specimens have been collected). Richness estimates and sampling completeness for Rubiaceae and Orchidaceae were compared with sample-based rarefaction curves using the R package iNEXT (Hsieh et al. 2016) . We used the iNEXT package to compute the seamless rarefaction (interpolation) and extrapolation (prediction) sampling curves and the associated 95% confidence intervals of individual-based abundance data.
From the compiled herbarium database, we kept 2484 records with location accurate to 1 km for diversity analysis (grid-cells maps), and 1869 records with location accurate to 100 m for altitudinal range analysis. Maps were prepared with ArcMap 10.5.1 (ESRI 2017).
IUCN Red List category and conservation analysis
The conservation status of plant species was taken from existing IUCN assessments on the Red List website (IUCN 2018) or in the literature (e.g. Onana 2011 , Onana 2013 , when available. Eighty-three of these assessments have been provided or corrected based on the authors' more recent, unpublished data following the IUCN Red List guidelines (IUCN 2017 ). Most of these preliminary assessments are undergoing publication on the IUCN Red List portal.
To check objectively whether the NMA represents a key site for wild plant and habitat conservation in Central Africa, we applied the Important Plant Area (IPA) criteria using the revised guidelines and methodology recently provided by Darbyshire et al. (2017) . A site can qualify as an IPA if it satisfies at least one of three main criteria (threatened species, botanical richness and threatened habitats). For each criterion, all sub-criteria and associated thresholds have been evaluated using the available data.
RESULTS
The rich flora of the Ngovayang Massif Area (NMA)
Our complete NMA dataset consists of 6116 specimens (of which 94% are identified to species), 138 families, 636 genera and 1472 species (see electronic appendix 2). These specimens were mainly extracted from the RAINBIO database (4924 specimens) and the additional specimens (1192) came from field expeditions led by the first and last authors between 2004 and 2017.
Most of the specimens from the NMA were collected during two main periods, between 1890 and 1930 (the contribution mostly of one collector: Zenker, see electronic appendix 3) and between 2004 and 2017 (electronic appendix 4). The last period added 318 species to the list of species previously known from the first collecting period which represents an increase of 21.6% (electronic appendix 3).
The two most represented families of the NMA, both in terms of species diversity and number of collections, are Ru- 
A detailed checklist for Rubiaceae and Orchidaceae
We here confirm the presence of 281 Rubiaceae species and 111 Orchidaceae species in the NMA (detailed checklists for these two families are presented in tables 1 & 2). Among areas of comparable size in ACA for which species checklists have previously been published, the NMA ranks first for the diversity of Rubiaceae, and fifth for Orchidaceae ( Among the Rubiaceae, the most diverse genera are Psychotria (51 species, 18% of the total) and Bertiera (14 species, 5% of the total), ex-aequo with Sabicea (14 species as well). Fifty-seven species have only been collected once in the NMA, and nine species are endemic to the NMA (Kupeantha spathulata, Bertiera heterophylla, Globulostylis leniochlamys, Keetia (?) sp. ined., Psychotria conica subsp. ngovayangensis, P. retrorsipilis, P. villicarpa subsp. sessilis, Sabicea trigemina, Tricalysia sp. ined.). We did not find any new records for Cameroon, but several Rubiaceae species previously thought to have a more northern distribution in Cameroon have been discovered in the NMA thanks to recent prospections: Aulacocalyx mapiana, Chassalia laikomensis, Gaertnera letouzeyi and Petitiocodon parviflorum. Four species new to science are also reported from the NMA (see species referred to as "sp. ined." in table 2) and will be published elsewhere.
Sampling and diversity patterns of Rubiaceae and Orchidaceae
The botanical exploration of the NMA and the knowledge of distributional patterns of Rubiaceae and Orchidaceae within the massif is far from complete ( fig. 1 ), but general trends can nevertheless be identified. The 2484 georeferenced specimens collected for the two families are mostly concentrated around eight villages bordering the NMA (fig. 1A) , that represent fieldwork starting points. Looking at raw data ( fig. 1B  & 1C) , species richness is correlated with the historical sampling effort (Pearson correlation coefficient R = 0.95). For instance, the grid overlapping the Bipindi locality is by far the most sampled (582 herbarium records) and species-rich (183 Rubiaceae and Orchidaceae species).
Place names
Area ( When using the subsampling procedure ( fig. 1D) , the correlation between sampling and richness patterns becomes blurred (Pearson correlation coefficient R = 0.07), and several grid cells scattered all over the NMA present high expected diversity values.
The assessment of sampling completeness through interpolation and extrapolation curves (fig. 2) shows that, in terms of total species richness, Rubiaceae and Orchidaceae are relatively well known in the NMA; observed sample coverage values being over 90% for both families. From the extrapolation curves, one could expect that total species richness is comprised between 298 and 339 species for Rubiaceae and between 124 and 186 species for Orchidaceae (95% lower and upper confidence limits).
The analysis of altitudinal distribution of Rubiaceae and Orchidaceae in the NMA reveals that the observed (or ex-pected) number of species for both families tends to increase along the elevation gradient, the areas above 750 m having the highest values ( fig. 3 ). However, extrapolation values between 250 and 500 m and > 750 m for Orchidaceae, and < 250 m for Rubiaceae must be interpreted cautiously because sample coverage is weak (i.e. below 0.75) at these elevation intervals.
Geographical range and conservation status of Rubiaceae and Orchidaceae
About a quarter (27%) of the Orchidaceae and more than half (53%) of the Rubiaceae recorded in the NMA are endemic to ACA ( fig. 4) . Nine Rubiaceae and one Orchidaceae are endemic to the NMA.
The proportions of threatened (VU, EN, CR) species are 17% and 18% for Rubiaceae and Orchidaceae, respectively (fig. 5 ). The number of restricted range and threatened species increases with altitude ( fig. 6 ), being double the number above 750 m than below 250 m. Above 750 m, our database reports the presence of 35 species threatened with extinction and 104 species endemic to ACA.
The NMA must be considered as an Important Plant Area (IPA) in ACA, as confirmed by its exceptional plant diversity (> 20% of the total flora of Cameroon), by the concentration of many threatened and/or restricted range species (67 taxa are considered globally threatened according to IUCN and ten taxa are strict endemics of the massif) as well as by the threat to rare habitats (i.e. the submontane forest vegetation above ~750 m elevation). The current knowledge of Rubiaceae and Orchidaceae collected in the NMA as well as their habitat (table 4) , allows the NMA to qualify for IPA's criterion A(i, iii, iv) B(i,ii) C(iii).
DISCUSSION
The NMA, an Important Plant Area
The NMA houses 21.4% of the total number of plant species recorded to date for Cameroon, while its surface area only represents 0.1% of the country (table 3) . It represents the third richest documented site for Cameroon after the Mount Cameroon National Park (2435 plant species, Cable & Cheek 1998) and the Kupe, Mwanenguba and Bakossi Mountains (2412 plant species, Cheek et al. 2004) . For the two families here studied in detail (Rubiaceae and Orchidaceae), 17.1% of the species occurring in the NMA are considered threatened according to IUCN red list categories and criteria (IUCN 2012 Not precisely evaluated, but considering a lower limit of 750 m, Ngovayang might contain more than 5% of submontane vegetation present in Cameroon. Considering the continuous extend of the submontane forest in the NMA, the site represents one of the 5 "best sites" for that habitat nationally. recorded from the NMA are restricted-range species and endemic to ACA. Though no precise vegetation mapping has been made for the NMA to date, we can recognize two main types: the lowland evergreen forest between 0 and 750 m and the submontane vegetation above 750 m (33 Rubiaceae and 16 Orchidaceae were only collected above this elevation in the NMA, table 1 & 2). We also observed particular submontane vegetation associated with rock outcrops during our recent inventories near the locality of Atog Boga, but this habitat remains to date underexplored. The exceptional plant diversity and endemism level of the NMA should be linked to both environmental/geomorphological gradients and past climatic conditions. The NMA is part of a series of small mountain range stretching along the ocean coast from Southern Cameroon to Congo Brazzaville, and corresponding to several, isolated and putative forest refuges during drier and cooler climatic periods of the Quaternary (Maley 1987 , Maley et al. 2018 . Based on distribution pattern of endemic orchids to ACA, this series of small mountain ranges has been considered as a unique but discontinuous area of endemism (Droissart 2009 ). Several species in our checklist such as Colletoecema magna, Kupeantha spathulata, Afropectinariella atlantica, Polystachya bipoda and P. lejolyana are indeed only present in small hills distributed south of the NMA. In addition, several species, which are otherwise largely restricted to southwest Cameroon, are represented by isolated populations in the NMA, e.g. Aulacocalyx mapiana, Chassalia laikomensis, Gaertnera letouzeyi, Petitiocodon parviflorum, Psychotria taedoumgii, Dolabrifolia podochiloides and Bulbophyllum teretifolium. As proposed by Gonmadje et al. (2011) , the presence of restricted-range species reaching either the most southern or most northern part of their distribution in the NMA tends to confirm that the massif is located at the junction of various phytogeographical influences. In most cases these restrictedrange species occur in relatively high elevation areas (e.g. Chassalia laikomensis only above 1000 m) and their discovery in the massif is recent, so other similar findings should be expected in the future. Their presence reinforces the importance of the NMA in terms of conservation, and underlines the necessity of developing conservation strategies for these species whose habitat will be strongly impacted by mining activities in the near future.
Mining threats on the NMA rich biodiversity
Africa is facing an unprecedented mining boom (Edwards et al. 2014 ) that will potentially have severe impact on the biodiversity of areas with recorded mineral resources. The area affected by mining exploitation depends on the mineral being mined (Edwards 2001) , iron exploitation being one of the worse in terms of surface impacted. For biologists, who are usually not involved in the definition of the methods and area to be exploited, it is always extremely difficult to determine what will be the impact of mining on biodiversity and habitats. However, according to aeromagnetic maps produced during the mining exploration stage (electronic appendix 1), the highest concentrations of iron are found in the highest elevation areas of the NMA, i.e above 750 m, which are also the richest in endangered and/or rare species (fig. 6 ). Before starting the effective mining exploitation of the NMA, it is thus essential to set up mitigation and offsetting mechanisms in order to minimize the impact on the environment. The present work highlights several species on which such mitigation programmes should be addressed first, such as the 12 Critically Endangered (CR) species identified for Rubiaceae and Orchidaceae (tables 1 & 2). We have initiated ex situ collections and a seedbank in Yaoundé, but this initiative currently covers only a small fraction of the threatened species of the NMA (less than 10%) due to limited resources. In addition, ex situ conservation may be very difficult for some species, e.g. due to their peculiar habitat requirements or low germination rates and, for these species, in situ conservation and management plans are urgently required.
CONCLUSION
The NMA represents one of the richest inventoried areas of ACA in terms of plant diversity (table 3) . Additional fieldwork in less accessible and/or undersampled areas will certainly reinforce this picture and will allow a better understanding of the distribution and conservation status of plant species within the NMA.
Besides the heterogeneity of sampling highlighted in this work ( fig. 1 ), six species are still classified as Data Deficient (DD) regarding the categories and criteria of the IUCN Red List (tables 1 & 2), showing that fieldwork is required to throw full light on the high plant diversity of the NMA. We suggest that future inventories should involve specialists and be focused on the most diverse plant families identified for the NMA (e.g. Fabaceae s. lat., Apocynaceae s. lat. or Annonaceae; see electronic appendix 5).
SUPPLEMENTARY DATA
Supplementary data are available at Plant Ecology and Evolution, Supplementary Data Site (https://www.ingentaconnect.com/content/botbel/plecevo/supp-data) and consist of the following: (1) exploration permits covering the NMA, with Iron ore and gold sampling target areas overlying aeromagnetic image (pdf); (2) Ngovayang Massif Area (NMA) herbarium database (Excel spreadsheet); (3) summary statistic for the ten most active botanists in the NMA (pdf); (4) temporal distribution of collecting efforts in the NMA (pdf); (5) summary statistics for the ten most species-rich families in the NMA (pdf); and (6) species-area curve for total, Rubiaceae and Orchidaceae floras in two countries and 11 sites of Atlantic Central Africa.
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